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Abstract  

In recent years, the concept of composite performance index, brought from economic and 
business statistics, has become increasingly used in the field of road safety. The 
construction of the composite safety performance index (CSPI) involves the following key 
steps: the selection of the most appropriate indicators to be aggregated and the method 
used to aggregate them. Over the last decade, various aggregation methods for estimating 
the CSPI have been suggested in the literature.  However, recent studies indicates that most 
of these methods suffer from many deficiencies at both the theoretical and operational level; 
these include the correlation and compensability between indicators, as well as their high 
“degree of freedom” which enables one to readily manipulate them to produce desired 
outcomes [7], [8], [9]. In this study, we introduce an alternative non-linear aggregation 
method for the estimation of the CSPI, which is then used to identify and rank temporal and 
spatial hotspots for Northern Ireland. The obtained results highlight the stability and 
consistency of the proposed method, through a successful reduction in the deficiencies 
associated with traditional aggregation methods. Furthermore, the developed method can be 
viewed as an intelligent support system for road safety evaluation.   

 

1. Introduction 
Due the rapid growth in motorisation, road collisions are set to rise in the future unless timely 
and appropriate actions are taken to improve road safety [12]. Safety indicators are 
increasingly used to identify and combat the rising problems of road safety. In general terms, 
a road safety indicator is defined as a quantitative or qualitative measure derived by a series 
of observed facts relative to a particular collision [10]. Safety Indicators are advantageous in 
that they can display large amounts of information in a more simplified format. However, 
given the multitude of factors influencing road traffic collisions, it is somewhat difficult to 
assess indicators on an individual basis. Therefore, to facilitate decision making, it is often 
preferable to have the various indicators aggregated into a single composite index, also 
referred to as the road traffic Composite Safety Performance Index (CSPI) [10]. CSPIs are 
often used to analyse the current safety conditions of road traffic systems and assess their 
performance on an on-going basis and subsequently for benchmarking countries, regions 
etc. The key steps in the construction of the CSPI include: the selection of the road safety 
indicators to be aggregated and the choice of the method to be used to aggregate them. In 
recent years, various aggregation methods for the estimation of the CSPI have been 
suggested in the literature. These methods include: equal weighting, budget allocation, 
analytic hierarchy process, data envelopment analysis, principal component analysis, factor 
analysis, neural networks, grey Delphi method, and the fuzzy method, see [1], [2], [3], [4], 
[15], [16]. However, despite the significant research effort in the area, the theory of the 
aggregation of road safety indicators into CSPI is far from being complete. In fact, current 
aggregation methods used in the development of CSPI exhibit various deficiencies at both 
the theoretical and operational level [9]. These shortcomings include the correlation and 
compensability between indicators, strong reliance on expert opinions as well as their high 
“degree of freedom” which enables one to readily manipulate them to produce desired 



Coll et al:  Spatial Hotspot analysis  
 
5-6th September,  
Trinity College Dublin 

Proceedings 
of the 

ITRN2013  

 

 

 
 

outcomes [7], [8], [9]. The aim of this paper is to propose a new method for the construction 
of road traffic index, which strives to minimise the deficiencies inherent to the traditional 
weighting methods. The approach consists of the following key steps: the selection of the 
appropriate road safety indicators to be aggregated, the pairwise comparisons of indicators, 
and the development of the composite safety performance index, which will focus on 
quantitative uniformly measurable indicators.   
The paper is organised as follows:  Section 2 provides a brief overview of current 
aggregation methods used to estimate the CSPI, and discusses their relevance and 
limitations. Section 3 presents the methodology advocated in this study including the 
structure of the road safety adopted, the main conceptual framework and the rationale 
behind the new approach, and the corresponding algorithmic steps and the selection of 
appropriate road safety indicators. Section 4 is dedicated to the implementation and the 
application of the introduced method to identify and rank spatial hotspots for Northern 
Ireland, as well as the discussion of the results. Finally, Section 5 concludes the paper and 
outline further works.   

2. Background  
Over the last decade, a wide variety of aggregation methods for estimating the CSPI have 
been suggested in the literature. These methods are essentially based on the following 
principle: allocating weights to individual indicators and then aggregating them to form the 
CSPI. As no widely agreed method exists on the aggregation, the choice of the aggregation 
method is merely based on the type of individual indicators and the researchers’ preference 
[10]. Some of the commonly used aggregation methods include: equal weighting, budget 
allocation, analytic hierarchy process (AHP), data envelopment analysis (DEA), principal 
component analysis (PCA) and factor analysis (FA). 
Equal weighting is the most basic aggregation technique, which simply consists of placing 
equal weights on individual indicators, and averaging them to get the CSPI. Although this 
method is very straightforward and easy to implement, its major shortcoming is its 
assumption of equal importance of indicators, while in reality they contribute to road safety in 
varying degrees. Budget Allocation method is an aggregation technique where experts are 
given a budget of N points to be distributed over a number of indicators, allocating more 
points to those indicators for which they want to stress their importance. The points allocated 
to each indicator will form its weight, and the CSPI is given by the weighted average of the 
indicators. AHP method also incorporates expert opinions. It is based on the decomposition 
of a complex problem into a hierarchy and ensures that both quantitative and qualitative 
aspects of the problem are incorporated into the evaluation process, during which weights of 
indicators are systemically extracted by means of pairwise comparisons [4], [15]. Then the 
CSPI is given by the weighted average of the indicators. DEA method differs slightly from the 
previous methods, since it is based on a linear programming method. The weights of the 
indicators are given by the solution of the linear programme and the CSPI is given by the 
weighted average of the indicators. Although basic DEA model enables the estimation of 
weights without the use of experts’ opinions, adapted DEA models use constraints which 
require limits or ranges which are solely based on expert opinions, thus making the model 
more subjective leading to inconsistencies in results. Moreover, constraints in the DEA 
model can combine indicators, which may not be directly linked to the phenomenon being 
measured.  PCA is a multivariate statistical procedure, which aims to reduce a large set of 
variables to a small set of variables whilst still retaining most of the information. The central 
concept of PCA is based on an orthogonal linear transformation to convert a set of possible 
correlated variables into a set of linearly uncorrelated variables, referred to as principal 
components [4]. FA is very similar to PCA and it is used to investigate whether a number of 
variables (indicators) of interest are linearly related to a smaller set of unobservable factors. 
Although PCA and FA can be useful for gaining insight into the underlying structure of a 
dataset, e.g. grouping individual indicators according to their degree of correlation, the major 
issue with these approaches is that they estimate weights based on correlations which may 
not be directly linked to the phenomena being measured [4]. Additionally, these methods are 
sensitive to outliners in the data and require large sample datasets; however in the field of 
road safety analysis these requirements are not always fulfilled. 
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In recent years, many attempts have been made to introduce new approaches to address 
the limitations of the aforementioned methods. These include fuzzy comprehensive 
assessment method [3], neural networks [15], grey Delphi method [6], hierarchical fuzzy 
TOPSIS method [1] etc. However, most of these attempts still do not address the major 
criticism on the relevance of the obtained CSPI, which is viewed as a result of an arbitrary 
weighting and combination of the indicators [8, 9]. Indeed most of the aggregation methods 
generally combine road safety indicators without consideration of the underlying relationship 
between these indicators, the measurement unit, as well as the degree of non-
compensability between individual indicators [9].  
 
3. Methodology 
One of the main challenges in the development of the CSPI lies in the identification of the 
appropriate observable indicators/variables to be used in describing the traffic safety system, 
as well as the selection of the most appropriate aggregation method. Given that without road 
traffic collisions, the field of road safety analysis would be probably irrelevant, then the 
central indicator for any sound road safety assessment will be the number of collisions. On 
the other hand, any other indicator can be cast as either the potential cause or the 
consequence of a road traffic collision, or the potential contributing factor of a consequence 
resulting from the occurrence of a road traffic collision. Thus, road safety is characterised by 
chains of facts, actions, causal relations and consequences in terms of human life and 
economic loss, and therefore it can be constructed around three main domains of indicator, 
as illustrated in Figure 1. 

Figure 1 - Road Safety Structure. 

3.1 Conceptual framework  

Suppose that we have n indicators denoted by             and   realisations of each of 

these   indicators, then the data associated with these indicators can be summarised in the 

following       matrix.  
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where     is the     realisation of the indicator  . Let  ̅    ̅                      denote the 

normalised form of the matrix    such that for any given indicator, the components of the 
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corresponding column are defined in      , where 0 and 1 correspond to the lowest and 
highest value, respectively.  
Definition 1. We call road safety performance index a measure defined in [0,1], where 0 and 
1 corresponds to the worst and best safety performance, respectively.  

Definition 2. Let    and    be two given indicators. We say that    and    are comparable if 
there exists a pre-order relation between these two indicators in the following sense: an 
occurrence of one of the indicators may result in an occurrence of the other.  

Definition 3. Let   denotes the set of pairs of comparable indicators, and let (     )    . 

Then, we said that    dominates     and write          if an occurrence of indicator    has 

most negative impact on road safety than an occurrence of indicator     

Definition 4. Let   denotes the set of pairs of comparable indicators. Let (     )      and let 

        be the set of pairs of indicators which are conditionally comparable with the pair 
(     ). Then, the marginal safety performance index is defined by non-linear monotonic 
continuous function.  

          

         2 
       

( ̅     ̅  )      ( ̅     ̅  )             
 

 
(1) 

such that  

1. if        we have 

          (i)     (   )          (   )   ,  

         (ii)    ̅  ̅   (   )   ̅   ̅  we have       (  ̅   )̅      (  ̅   ̅)     if and only if            
2. if       we have 

   (i)     (   )     if and only if (     )  (   )   (     )           

         (ii)     (   )     if and only if (     )  (   )   (     )         

        (iii) for any given values of (     )            ̅   ̅    (   )    ̅    ̅ we have  
       (  ̅   ̅)      (  ̅   ̅)     if and only if            

Definition 5. Consider   indicators             and   realistations of these indicators. Let 

  be the set of comparable indicators, and let      denote the marginal safety performance 

function associated with any pair of comparable indicators (     )      then the composite 
safety performance index can be defined by a non-linear monotonic function.  

  
                          

( ̅    ̅      ̅  )      ( ̅    ̅      ̅  )               
 

 

(2) 

such that  

(i) (   )     where     is the n dimensional null vector;  

(ii)  (   )      where     is the n-dimensional vector of one;  

(iii)   (     )      ( ̅    ̅      ̅  )(     ))                 where     is the n-dimensional 
unit column vector with 1 at r

th
 position, satisfies the conditions in Definition 4.  

 
3.2 Data and selection of road safety indicators 

This study is based on Northern Ireland road collision data, which are recorded by the police 
service and stored on the national database known as STATs19. The data consists of 82 
variables, which are split into three main categories: collision, casualty and vehicle. The 
STATs19 system uses three-category classification for type of casualty: fatality, seriously 
injured and slightly injured [13]. Damage only collisions, collisions reported after a 30-day 
period from the date of collision and collisions that have occurred in car parks are excluded 
from the data. However, it still remains the most detailed, complete and reliable source of 
information on road collisions in the UK [5]. Road safety is a complex phenomenon including 
various known and unknown factors, controllable and uncontrollable parameters. Therefore, 
the selection of key road safety indicators can be delicate or even controversial [10]. For this 
reason, this study is restricted to some non-controversial road safety indicators, including: 
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the number of overall collisions (  ), the number of fatalities (  ), the number of vehicles 
involved in overall collisions(  ), the number of serious injuries (  ), the number of collisions 

without fatal and seriously injured casualties (  ), the number of vehicles involved in 

collisions without fatal and seriously injured casualties (  ).  
 

3.3   Pairwise comparison of the selected road safety indicators 

The construction of the CSPI depends not only on the selected indicators but should also 
take into consideration the underlying relationship between these indicators, including the 
measurement unit, as well as the degree of non-compensability between individual indicators 
through their hierarchical structure [9]. Let us denote by                                    
the realisations of the six indicators identified in section 3.2, respectively. Hence the 
corresponding data matrix   is a   by 6 matrix, where   is the number of realisations of 
each indicator. Since any collision must involve at least one vehicle, then the indicators    

and    are comparable. Furthermore, since for any vehicle to be involved in a collision the 

collision has to happen then    and    are conditionally comparable. On the other hand, as an 
occurrence of fatal casualties may be accompanied with an occurrence of seriously injured 
casualties and vice-versa, then the indicators    and    are comparable. Furthermore, since 
an occurrence of a fatal or seriously injured casualty is conditional to the occurrence of a 
collision (more specifically a fatal or serious injury collision) as well as the number of vehicles 
involved in these collisions, then the pair (     ) is conditionally comparable with the pair 
(     ). On the other hand    and    are subsets of    and   , respectively. Thus, thanks to 
these underling relationships between some pairs of comparable indicators, the set of pairs 

of comparable indicators   reduces to:  

    (     ) (     )   
 

(3) 

Therefore, only two marginal safety performance index functions are required for this study.  

3.4   Marginal and composite safety performance functions  

Since |Φ| = 2, then two marginal safety performance index functions are required for this 
study. The marginal safety performance index for a given realisation ( ̅    ̅  )          of 
the pair (     ), needs to take into account not only the values of each indicator in this 
realisation but also the magnitude of the disparity between these values. Furthermore, 
thanks to the relation (4), the marginal safety performance index function for (     ) is defined 

only for         . The marginal safety performance index function for the pair of indicators 

(     ) is given by: 

 

 
       2 

         

(     )   
        ( 
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Where  

    and    denote the normalised realisation of indicators    and     respectively.  

   (    ), with   the Euler’s number i.e.              

  ( ) denotes the Heaviside function defined by  ( )  {
         
         

 

 
Although an occurrence of the pair of indicators (     ) does not always result into an 

occurrence of fatal or seriously injured casualties, the occurrence of indicators    and    is 

conditional to the occurrence of (     ) and (     ). Then the conditional marginal safety 

performance index function for the pair of indicators (     ) is given by:  
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where  

       denote the normalised realisations of indicators    and     respectively.   

    (    ) and    (           )  with  (   ) given by (4) and          and    
are normalised realisations of indicators              , respectively.  

   (    ), with   the Euler’s number i.e.              
For any given normalised realisation of indicators (                  ), the composite safety 
performance index function is made up with the contribution of all the marginal safety 
performance functions which satisfy the conditions in Definition 4, and it is given by:  

 
                

(                 )     (         )  
 

 (6) 

where  

 (   )   
 (           )

(   )(         )
  with   (     )   being Euler’s number i.e.            

    (     ) given (           ) with  (   ) defined by (5) and                   are the 

normalised realisations of indicators                     , 

4.   Identification and ranking of spatial hotspots: Case of Northern Ireland  

In this study, data associated with the six indicators, identified in section 3.2 for Northern 
Ireland (between January and December 2010), extracted from the STATs19 database were 
considered. For the spatial hotspots analysis we consider data associated with the six 
indicators from each of the 29 policing areas of Northern Ireland. To ensure that road safety 
resources are utilised efficiently and effectively, it is essential to use a consistent method in 
the construction of a road safety index. Therefore, an additional investigation of spatial 
hotspots is carried out after inclusion of a demographic factor, namely the population density 
(inhabitants per unit area). 

Using function (6), the CSPI corresponding to each policing area are estimated and 
presented in the column labelled “CSPI” in Table 1. Using the composite safety performance 
index CSPI, it appears that the “most underperforming” policing area, in terms of road safety, 
in Northern Ireland in 2010, is Lisburn (LISB), whereas the “best performing” policing area is 
Moyle (MOYL).  However, for a more consistent spatial hotspots analysis, it is essential to 
include some demographic factors. After the inclusion of the population density of each 
policing area, we obtain a new composite safety performance index denoted CPSI*.  Using 
this new composite safety performance index, Lisburn (LISB) still remains the “most 
underperforming" policing area, in terms of road safety in Northern Ireland in 2010 whereas 
Moyle (MOYL) lost three places since the “best performing” policing area is now 
Carrickfergus  (CFER). Furthermore, approximately half of the ranking positions given 
previously by CSPI have been affected by the inclusion of the population densities. 

The method introduced in this study recognises the interconnections and nuances between 
individual road safety indicators in order to minimise the potential risk of under/over 
estimation. To illustrate this, let's consider the ranking position of Banbridge (BANB) and 
North Belfast (BELN) in Table 1.  Column labelled    and    contain the number of fatal and 
seriously injured casualties, respectively. Both policing areas have 2 fatalities, and 
Banbridge (BANB) has an additional seriously injured casualty. Therefore, by ranking 
policing areas based only on the combined number of fatalities and seriously injured 
casualties, BANB would be labelled as ``higher risk" than North Belfast (BELN).   From Table 
1, North Belfast (BELN) has approximately three times more collisions and vehicles involved 
in collisions than Banbridge (BANB), which significantly alters the ranking positions of the 
policing areas. These examples demonstrate the importance of examining the 
interconnections between indicators in the construction of a road safety performance index, 
and highlight the impact on the ranking positions if such relationships are ignored. It is clear 
that, analysing the connections between indicators can help differentiate between rare 
events  (e.g. a bus crash killing 10 people) and likely events (e.g. a crash involving 2 cars 
with 2 fatalities), and the introduced method encompasses this fact through the relationships 
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between the severity of casualties, the number of collisions and the number of vehicles 
involved in the collisions. 

 

 

Table 1 –Spatial hotspot analysis. The first six columns contain data of the six road safety indicators for each of the 
29 policing areas of Northern Ireland between (January and December 2010). 

Figure 2 - Spatial hotspots representation: CSPI - the composite index without including the population density 
(left). CPSI*  - the composite index after inclusion of the population density as an additional indicator (right). 
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5.   Conclusions  

This paper has introduced an alternative aggregation approach for the estimation of a 
composite road safety index, which is free from the major deficiencies of current methods, 
suggested in the literature. Based on the results from this study, further analysis could be 
done to examine the possible main causes of road collisions associated with these hotspots 
and conclude whether appropriate road safety interventions have been put in place whilst 
monitoring their efficiency and effectiveness over time. In the current political and 
administrative climate, the road safety decision-making process often demands a system of 
local evidence and feedback before countermeasures are deemed effective [11]. The 
method introduced in this study can be viewed as an intelligent decision support system for 
road safety performance evaluation, which could facilitate this process by enabling local 
authorities to measure the effectiveness of certain road safety measures over time and 
prioritise interventions for road safety improvement. There are still issues to be resolved in 
the construction of the CSPI. One important challenge is the ability to ascertain, and 
accurately measure, the most relevant road safety indicators to be used in the construction 
of the composite road safety index. Future research must recognise the tradeoff between 
indicators, which provide the most information on the road safety scenario, and those that 
yield comparable outputs across the items of interests (e.g. area, time interval, countries 
etc.).  
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